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ABSTRACT The known Duchenne muscular dystrophy
(DMD) gene products, the muscle- and brain-type dystrophin
isoforms, are 427-kDa proteins translated from 14-kilobase
(kb) mRNAs. Recently we described a 6.5-kb mRNA that also
is transcribed from the DMD gene. Cloning and in vitro
transcription and translation of the entire coding region show
that the 6.5-kb mRNA encodes a 70.8-kDa protein that is a
major product of the DMD gene. It contains the C-terminal and
the cysteine-rich domains of dystrophin, seven additional
amino acids at the N terminus, and some modifications formed
by alternative splicing in the C-terminal domain. It lacks the
entire large domain of spectrin-like repeats and the actin-
binding N-terminal domain of dystrophin. This protein is the
major DMD gene product in brain and other nonmuscle tissues
but is undetectable in skeletal muscle extracts.

Duchenne muscular dystrophy (DMD) is a lethal X chromo-
some-linked recessive disease, characterized by a progres-
sive degeneration of muscles. A significant proportion of
DMD patients also suffers from mental retardation (reviewed
in ref. 1). The huge gene, which is defective in DMD patients,
spans over 2300 kilobases (kb). The transcription product of
the gene in the muscle is a 14-kilobase (kb) mRNA encoding
a 427-kDa rod-shaped protein called dystrophin, which is
associated with the sarcolemma (2-6). The predicted amino
acid sequence of dystrophin indicates that it consists of four
domains: an N-terminal domain that shares sequence simi-
larity with the actin-binding domain of Dictyostelium a-ac-
tinin, a spectrin-like domain consisting of 24 repeats of
triple-helix structures, a cysteine-rich domain sharing homol-
ogy with the Ca2*-binding domain of Dictyostelium a-actinin,
and a unique C-terminal domain (2). A 14-kb mRNA pro-
duced by the same gene, which encodes a protein very similar
to the muscle-type dystrophin but regulated by a different
promoter, is present in the brain (7-14).

Recently some of us identified a 6.5-kb mRNA tran-
scribed from the same gene that seems to be the major
DMD gene product in many nonmuscle tissues includ-
ing brain and apparently is regulated by a different promot-
er(s) (15). Here we report the cloning of the entire coding
sequence of the 6.5-kb mRNA and the identification of a
protein in Western blots of cell extracts that comigrates with
the in vitro translation product of the cloned cDNA. This
protein, which differs greatly from dystrophin, seems to be a
main product of the DMD gene; its level in several non-
muscle tissues is comparable to the amount of dystrophin in
muscle.
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METHODS

c¢DNA Cloning, Screening of Libraries, and DNA Sequenc-
ing. Screening of cDNA libraries, purification of phages and
preparation of DNA, subcloning of DNA fragments into
plasmid vectors, and preparation of plasmid DNA were done
essentially as described in the manual of Sambrook et al. (16).
PCR-based 5’ extension of cDNA clones was done as de-
scribed by Frohman et al. (17). Plasmid DNA was sequenced
by using the Sequenase kit (United States Biochemical).

Preparation of Tissue and Cell Extracts. Freshly isolated rat
tissues (0.4 g) were homogenized in 5 ml of electrophoresis
sample buffer [67.5 mM TrissHCL, pH 6.8/20% (vol/vol)
glycerol/15% SDS/5% 2-mercaptoethanol/0.001% bro-
mophenol blue] by using a Polytron homogenizer. Human
hepatoma Hep G2 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. The
cells were collected in sample buffer and homogenized. All
samples were heated for 20 min at 60°C after homogenization.

Western Blot Analysis. Protein samples (30-40 ug) were
size-fractionated on 3-10% polyacrylamide/SDS gradient
gels as described by Laemmli (18) and modified by Pons et al.
(19). After electrophoresis for 90 min at 120 mA, the proteins
were transferred to nitrocellulose filters; blotting was per-
formed for 18 hr at 150 mA at 4°C. Staining with the first and
second antibodies was done with the Protoblot Western blot
AP (alkaline phosphatase) system from Promega.

Three antibodies were used in this study. MANDRAL is a
monoclonal antibody (mAb) raised against a fusion protein
containing the C-terminal 485 amino acids of human dystro-
phin (20). The antibody reacts with an epitope within amino
acids 3558-3684 of dystrophin. This mAb is specific to
dystrophin and does not react with the dystrophin-related
protein (21) encoded by a gene located on human chromo-
some 6. MANDYSI1 is a mAb that reacts with an epitope in
the spectrin-like domain of dystrophin (22). H-2A12 is a mAb
raised against a fusion protein containing amino acids 3357-
3660 of chicken dystrophin; this antibody reacts with an
epitope within amino acids 3357-3450 of the protein.

RESULTS

Cloning of the Entire Coding Sequence of the 6.5-kb mRNA.
RNase protection assays and partial cDNA cloning suggested
that the 6.5-kb mRNA shares with dystrophin all or most of
the 3’ untranslated region and the regions encoding the
C-terminal domain and cysteine-rich domain (15). Sequenc-
ing of brain, liver, testis, and hepatoma cDNA clones isolated
with probes for these regions revealed a unique sequence$

Abbreviation: DMD, Duchenne muscular dystrophy.
$The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M92650).
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that is derived from an exon not represented in dystrophin
mRNA and located 5’ to the common region encoding the
cysteine-rich domain (in the intron between exons 62 and 63;
ref. 23). On the basis of sequence divergence between
human, rat, and mouse cDNA clones and the existence of an
in-frame stop codon in the mouse and rat sequence, we have
identified the putative AUG translation initiation codon of the
6.5-kb mRNA. It is located seven codons upstream from the
point of divergence between the common and the unique
sequence (Fig. 1 Upper). The sequence around this AUG fits
the Kozak consensus sequence (24).

The expected identity in sequence between substantial
parts of the 6.5-kb mRNA and the 14-kb mRNA made it very
difficult to conclusively determine the entire coding sequence
of the 6.5-kb mRNA from the sequences of partially over-
lapping small cDNA clones. Therefore, we attempted to
clone the entire coding sequence in one clone by PCR with a
5’ primer specific for the 6.5-kb mRNA. First-strand cDNA
was synthesized by using RNA from human amniotic fluid
cells (these cells express the 6.5-kb mRNA; H. Prigojin, R.
Shomrat, U.N. and D.Y., unpublished work) and a primer
complementary to a sequence in the 3’ untranslated region of
dystrophin mRNA (TGCATAGACGTGTAAAACCTGCC;
nucleotides 11519-11541 of human dystrophin cDNA; ref. 2).
The cDNA was amplified by PCR with the same 3’ primer and
a primer containing a sequence specific to the 6.5-kb mRNA,
located 28 nucleotides upstream of the initiator AUG (Fig. 1
Upper). The 2.1-kb amplified PCR product was cloned into

Rat A * L G S PV AR
Human R

T
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the plasmid vector Gemini 3, and sequenced (plasmid
HMD2.1). The sequence of the region common to the 6.5-kb
mRNA and the 14-kb dystrophin mRN A was identical to that
of the homologous region in human dystrophin cDNA, except
for a T to C substitution (position 11143), which does not
change the encoded protein sequence (this substitution may
reflect a polymorphism at this position or could have oc-
curred during the amplification of the cDNA by PCR). In
addition, two exons of dystrophin mRNA (nucleotides
10432-10470 and 11221-11252) were missing in the cloned
cDNA (Fig. 1 Lower). Alternative splicing in these two
positions has been reported (11, 15). Feener et al. (11)
attributed this alternative splicing pattern, found in both
human skeletal muscle and brain cDNA clones, to dystrophin
mRNA. Bar et al. (15) identified this pattern in a mouse liver
cDNA clone and attributed it to the 6.5-kb mRNA. It is
possible that this pattern of splicing, reported by Feener et al.
(11) originated from the 6.5-kb mRNA and not the 14-kb brain
or muscle dystrophin mRNA. It also should be pointed out
that our sequencing data of a genomic DNA clone indicate
that the exact position of the second alternatively spliced
exon in mice is nucleotides 11219-11250; the position indi-
cated by Feener et al. (11) is 11221-11252 (for human
mRNA). Because of sequence redundancy near the 5’ and the
3’ splice sites, the 2-base-pair (bp) shift in the assignment of
the exon borders does not change the sequence of the
encoded mRNAs. While the deletion of the first exon (39 bp)
does not change the reading frame, the deletion of the second
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FiG. 1.

(Upper) Deduced N terminus of the 70.8-kDa DMD gene product. The nucleotide sequence of the human 6.5-kb mRNA (lower line)

is derived from a cDNA clone. The arrow indicates the location of an intron and the point of divergence between the sequence that is unique
to the 6.5 kb mRNA and the sequence common to dystrophin mRNA and the 6.5-kb mRNAs. The deduced amino acid sequence is given above
the cDNA in italics. Amino acids that are different in the rat sequence are indicated in the topmost line. The position of the stop codon in the
mouse and rat amino acid sequence is indicated by the asterisk. The initiator methionine is encircled. The sequence used as a 5’ primer in PCR
is underlined. The divergence between the rat and human sequence is due to divergence at the nucleotide level and to a frame shift. (Lower)
Deduced amino acid sequence of the cloned coding region of the 6.5-kb mRNA. Amino acids that are not present in the published sequence
of dystrophin are written in bold letters and underlined. The amino acids of dystrophin that are missing in the product caused by alternative

splicing are written in italics.
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exon (32 bp) changes the reading frame; the 13 C-terminal amino
acids of dystrophin are replaced by 31 new amino acids in the
protein product of the 6.5-kb mRNA (Fig. 1 Lower). Thus, the
protein product of the 6.5-kb mRNA contains the C-terminal
domain and the cysteine-rich domains of dystrophin (except for
the modification described above) and only a very short addi-
tional peptide of 7 amino acids in the N terminus (Fig. 1 Lower
and Fig. 2); this protein contains only 622 amino acids, and its
calculated molecular weight is 70.8 kDa.

In Vitro Transcription and Translation of the Cloned Se-
quence. In vitro transcription and translation of the protein
encoded by the cDNA insert in plasmid HMD2.1 produced
on a polyacrylamide/SDS gel a major protein band that
migrates as a 77-kDa protein (Fig. 3 Left). The 10% discrep-
ancy between the calculated and the apparent molecular
weight of the protein is probably due to abnormal migration
of the protein in the gel. We therefore tentatively refer to this
polypeptide as a 71-kDa protein (Dp71). As expected (Fig. 2),
the in vitro translation product was precipitated by the mAb
MANDRALI, which is specific for an epitope in the C-terminal
domain, but not by antibodies specific for the spectrin-like
domain of dystrophin (Fig. 3 Right).

Dp71 Is Expressed in Many Tissues. To identify the polypep-
tide encoded by the 6.5-kb mRNA in cell extracts, protein
extracts from various rat tissues and human hepatoma Hep G2
cells were analyzed in Western blots and stained with the mAb
MANDRALI. This mAb reacts specifically with the X-linked
dystrophin but not with the 400-kDa dystrophin-related protein,
which is the product of a gene located on human chromosome
6 (21). MANDRAL1 strongly stained dystrophin in muscle ex-
tracts (the 400-kDa band) (Fig. 4 Upper). In brain extracts, the
antibody weakly stained dystrophin, but strongly stained a
polypeptide comigrating with the in vitro 71-kDa cell-free trans-
lation product (Figs. 3 and 4 Upper). Only the Dp71 was
detectable in liver extracts, while both dystrophin and Dp71
bands were present in extracts of stomach tissue, which is
mostly smooth muscle. The tissue distribution of Dp71 kDa is
very similar to that of the 6.5-kb mRNA as determined by
Northern blots and RNase protection analysis (15, 23). The
same results were obtained with another dystrophin-specific
mAb (H-2A12) raised against a different epitope in the C-ter-
minal domain of chicken dystrophin and with four additional
mAbs that crossreacted with the dystrophin-related protein.
Several dystrophin-specific antibodies, directed against uniden-
tified epitopes in the C-terminal domain, did not react with Dp71
(data not shown). This may be attributed to differences in exon
splicing between the mRNAs encoding the 400- and 71-kDa
proteins described above.

As with the in vitro translation product, the cell-extracted
protein did not react with mAb raised against epitopes in the
spectrin-like domain (Fig. 4 Lower). Nor did it react with
antibodies raised against epitopes in the last 10 amino acids
of dystrophin, which are missing in the 6.5-kb translation
product (not shown).

mdx mice do not synthesize dystrophin because of a point
mutation in the DMD gene, resulting in a stop codon at
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FiGc. 3. (Left) In vitro transcription/translation of plasmid
HMD2.1. Hindlll-linearized plasmid HMD2.1 DNA (0.5 ug) was
transcribed in vitro by using phage T7 RNA polymerase. The
resulting RNA was translated in a rabbit reticulocyte lysate (Strat-
agene) with [3SImethionine as the radioactive label. Cell-free trans-
lation products were fractionated on a 3-10% polyacrylamide/SDS
gradient gel (18, 19) and blotted onto a nitrocellulose sheet. The blot
was immunostained with mAb MANDRAI and then autoradio-
graphed. Lanes: 1, no RNA added; 2, =0.1 ug of RNA added to the
reticulocyte lysate (lanes 1 and 2) represents the autograph of the
translation product; and 3, immunostaining of 30 ug of rat brain
protein extract electrophoresed on the same gel. The positions of size
markers in kDa are indicated on the left. The black arrowheads
indicate the migration positions of dystrophin and the Dp71. (Right)
Immunoprecipitation of the cell-free product. Plasmid HMD-2.1 was
in vitro transcribed and translated as described in Left. Cell-free
products were immunoprecipitated with the antibodies specified by
using rabbit anti-mouse immunoglobulin antibodies and protein
A-Sepharose. The samples were fractionated on a 3-10% polyacryl-
amide/SDS gel, stained with mAb MANDRAL1 (lanes 1 and 2), and
autoradiographed (lanes 3-8). Lanes: 1, muscle extract; 2, brain
extract that was mixed with the cell-free product shown in lane 3; 3,
unprecipitated cell-free products; 4 and §, cell-free product precip-
itated with MANDRA1 and MANDYS1, respectively; 6, translation
product of ornithine decarboxylase mRNA; and 7 and 8, the same
product precipitated with MANDRA1 or MANDYS1, respectively.

position 3185 of the dystrophin mRNA (25). As the 6.5-kb
mRNA does not contain this region of the dystrophin mRNA,
we anticipated that if the cellular Dp71 protein is a genuine
product of the 6.5-kb mRNA, its production would not be
affected by the mutation that abolishes the production of
dystrophin in the mdx mice. Indeed, mAb MANDRAI
strongly stained dystrophin and Dp71 in extracts of the
relevant tissues of normal mice, whereas in extracts of
nonmuscle tissues of mdx mice, only the 71-kDa protein was
detectable (not shown). These results rule out the possibility
that Dp71 is a degradation or cleavage product of dystrophin.

As is the case with normal muscles, Dp71 was undetectable
in the muscle of mdx mice. This rules out the possibility that
the surprisingly mild course of the disease in these mice is due
to replacement of dystrophin by Dp71.

DISCUSSION

Early studies suggested that the DMD gene is expressed
specifically in the muscle and, to a much lesser extent, in the

Dystrophin NN —
1
Domain: actin- spectrin-like
binding
Dp71

cysteine- C-
rich

F1G. 2. Schematic comparison of the domains encoded by the 14-kb dystrophin mRNA and the 6.5-kb mRNA. (Upper) Coding regions of
the 14-kb brain and muscle dystrophin mRNAs. The regions coding for the various dystrophin domains are indicated on the bar and described
below it. (Lower) Coding regions of the 6.5-kb mRNA. The divergence between the sequences common to the dystrophin mRNA and the 6.5-kb
mRNA is at the 5'-end of the sequence coding for the cysteine rich-domain. The modifications created by alternative initiation and splicings
are detailed in Fig. 1 Lower.
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FiG. 4. Identification of the 71-kDa protein in tissue and cell
extracts. (Upper) Protein samples (30-40 ng) isolated from the
indicated rat tissues and Hep G2 cells were size-fractionated on a
3-10% polyacrylamide/SDS gel, blotted onto a nitrocellulose sheet,
and immunostained with the mAb MANDRAI. The positions of
dystrophin (400 kDa) and Dp71 (77 kDa) on the blot are indicated by
arrows. Most of the other faint bands were also stained with the
second antibody only. (Lower) Same as in Upper, but the first
antibody used for the staining was MANDYS1, which reacts with an
epitope in the spectrin-like domain of dystrophin.

brain. It now becomes evident that the DMD gene is ex-
pressed in many, and perhaps all, tissues and that this huge
gene encodes at least one additional protein that differs
greatly from the two known closely related dystrophin iso-
forms. Furthermore, this novel protein is the major DMD
gene product detectable in the brain and other nonmuscle
tissues. In some of them, the amount of this protein is
comparable to the amount of dystrophin in the muscle. Its
relatively high abundancy in brain cells is of special interest
because it raises the possibility that it may be causally
involved in some cases of mental retardation that are asso-
ciated with DMD.

The function of this DMD gene product is still unknown.
The predicted amino acid sequence shows that Dp71 lacks
the spectrin-like domain that confers a rod-shaped structure
to dystrophin and it also lacks the N-terminal domain, which
is assumed to bind actin. However, it contains the C-terminal
domain, which is the most conserved domain of dystrophin
(26), and the cysteine-rich domain, which shares homology
with the Ca?*-binding domain of a-actinin. It has been shown
that dystrophin forms a complex with glycoproteins, which
are apparently responsible for its association with the cell
membranes. It seems that this association is mediated by the
C-terminal domain (27). Preliminary experiments indicate
that Dp71 is associated with the cell-membrane fraction (our
unpublished data). It is of interest to find out whether Dp71
forms complexes with the same or different glycoproteins. It
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should be noted that the last 13 amino acids of dystrophin,
which are hydrophilic, are replaced by 31 amino acids that
confer hydrophobicity to this region in Dp71. These 31 amino
acids can form an a-helix, a part of which is amphipathic.
This may result in a change in the function of this region.
When one takes all of these data together, it is conceivable
that the function of Dp71 is different from that of dystrophin.

As predicted from the size and structure of the 6.5-kb
mRNA, Dp71 should not be affected by a great proportion of
mutations in the DMD gene that abolish the production of
dystrophin (as in the mdx mice case). A systematic compar-
ison of the expression of Dp71 protein in DMD patients and
the pathology of the disease in nonmuscle tissues might be
very informative.
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